A new approach to γ-alkylidenetetronic acids is reported which is based on Me 3 SiOTf-catalyzed [3 + 2] cyclization of 4-tert-butoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene with oxalyl chloride, orthogonal protection of the α-hydroxy group by benzylation and subsequent deprotection of the β -hydroxy group.
Introduction
γ-Alkylidenetetronic acids occur in a number of pharmacologically relevant natural products, such as pulvinic acids [1 -10] . These heterocycles have also been used as building blocks during the synthesis of natural products [11, 12] . γ-Alkylidenetetronic acids are available, for example, from ascorbic acid. However, the scope of this approach is limited by the fact that derivatives containing substituents located at the exocyclic double bond or at the butenolide moiety are not available [13] . An additional problem arises from the requirement to regioselectively protect the two hydroxy groups [14, 15] . Some years ago, we reported [16, 17] the synthesis of γ-alkylidenebutenolides by [3 + 2] cyclization of 1,3-bissilyl enol ethers -electroneutral 1,3-dicarbonyl dianion equivalents [18] -with oxalyl chloride. Herein, we wish to report the application of this method to the synthesis of γ-alkylidenetetronic acids based on the synthesis of what is, to the best of our knowledge, the first tert-butoxy substituted 1,3-bis-silyl enol ether.
Results and Discussion
We reported earlier the synthesis of β -methoxy-and β -benzyloxy-γ-alkylidenebutenolides 5a and 5c from alkyl 4-chloroacetoacetates 1a, b [19] . In the present study we report, for the first time, the synthesis of β -ethoxy-and β -(tert-butoxy)-γ-alkylidenebutenolides 5b and 5d (Scheme 1, Table 1 ): the reaction of ethyl 4-chloroacetoacetate (1b) with EtOH and tBuOH, in the presence of NaH, afforded, in analogy to the known synthesis of 2c, the ethyl 4-alkoxyacetoacetates 2b and 2d, respectively. The latter were transformed, according to a known procedure [20, 21] , into the novel 1,3-bis-silyl enol ethers 4b, d [20, 21] . The Me 3 SiOTfcatalyzed cyclization of 4b, d with oxalyl chloride afforded the Z-configurated butenolides 5b, d.
We have previously reported the synthesis of γ-alkylidenebutenolide 6, containing two orthogonal protective groups, by [3 + 2] cyclization and subsequent protection of the free hydroxy group with benzoyl chloride (Scheme 2). The deprotection of the benzyl group by hydrogenation afforded, as reported earlier, the desired γ-alkylidenebutenolide 7. However, the reaction is difficult to carry out, since the exocyclic double bond was, to some extent, hydrogenated to give the γ-lactone 8. The product ratio strongly depended on the reaction conditions and, thus, tlc control was mandatory; unfortunately, the separation of 7 from 8 proved to be difficult. In addition, all attempts to remove the benzoyl group of 7 (e. g. by K 2 CO 3 /MeOH) resulted in decomposition, due to attack of the methanolate onto the exocyclic double bond and cleavage of the butenolide moiety. A solution of this problem was developed based on the use of the tert-butyl protective group. The benzylation of butenolide 5d afforded γ-alkylidenebutenolide 9 containing the orthogonal benzyl and tert-butyl protective groups (Scheme 3). Treatment of 9 with TFA resulted in selective cleavage of the tert-butyl ether to give the desired γ-alkylidenetetronic acid 10. The synthesis of 10 proved to be reliable and easy to carry out. Compound 10 represents an important building block for further transformations. Treatment of 5d with triflic anhydride resulted in cleavage of the tert-butyl ether and formation of triflate 11. While Suzuki reactions of the triflate of 5a and 5c were successful [22, 23] , the corresponding reactions of 1, containing an unprotected hydroxyl group, failed.
In conclusion, we have reported the synthesis of γ-alkylidenetetronic acids by Me 3 SiOTf-catalyzed cyclization of a 4-tert-butoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene with oxalyl chloride, orthogonal protection of the α-hydroxy group and subsequent deprotection of the β -hydroxy group.
Experimental Section

General comments
All solvents were dried by standard methods, and all reactions were carried out under an inert atmosphere. For 1 H and 13 C NMR spectra the deuterated solvents indicated were used. Mass spectrometric data (MS) were obtained by electron impact ionization (EI, 70 eV), chemical ionization ( CI, H 2 O) or electrospray ionization (ESI). For preparative scale chromatography, silica gel (60 -200 mesh) was used. Melting points are uncorrected.
Procedure for the synthesis of 2
To a benzene suspension of NaH was slowly added the corresponding alcohol within 30 min. After stirring for 1 h, methyl 4-chloroacetoacetate (1a) or ethyl 4-chloroacetoacetate (1b) was added slowly by syringe, and the solution was allowed to stirr for 8 -12 h. An aqueous solution of HCl (10 %, 200 mL) was added. The organic layer was separated, and the aqueous layer was extracted with CH 2 Cl 2 (3 × 100 mL). The combined organic layers were dried ( Na 2 SO 4 ) and filtered, and the filtrate was concentrated in vacuo. The residue was purified by column chromatography (silica gel, n-hexane-EtOAc= 20 : 1) to give 2.
Ethyl 4-ethoxy-3-oxobutanoate (2b)
Starting with ethanol (260.0 mmol, 15.2 mL), ethyl 4-chloroacetoacetate (145.0 mmol, 19.7 mL) and NaH (330.0 mmol, 8.00 g) in benzene (200 mL), 2b was isolated as a yellow oil (15.0 g, 60 %). 
Ethyl 4-(tert-butoxy)-3-oxobutanoate (2d)
Starting with tert-butanol (135.0 mmol, 9.9 g), ethyl 4-chloroacetoacetate (75.0 mmol, 10.2 mL) and NaH (172.0 mmol, 4.14 g) in benzene (140 mL), 2d was isolated as a yellow oil (6.80 g, 49 %). 
General procedure for the synthesis of silyl enol ethers 3
To a benzene solution of β -ketoester 2 (1.0 equiv.) was added NEt 3 (1.5 equiv.). After stirring for 1 h at 20 • C, Me 3 SiCl l (1.5 equiv.) was added dropwise at 20 • C. After stirring for 48 h, the precipitated salts were filtered, and the filtrate was concentrated in vacuo to give the silyl enol ether 3. Due to the unstable nature of the products, only 1 H NMR spectra were recorded. The synthesis of 3a and 3c has been previously reported [19] . 
1,4-Diethoxy-3-(trimethylsilyloxy)but-2-ene (3b)
Starting with 2b (79.1 mmol, 13.78 g) in benzene (300 mL), NEt 3 
1-Ethoxy-4-tert-butoxy-3-(trimethylsilyloxy)but-2-ene (3d)
Starting with 2d (32.5 mmol, 6.50 g) in benzene (100 mL), NEt 3 
General procedure for the synthesis of 1,3-bis-silyl enol ethers 4
A THF solution of LDA was prepared by addition of nBuLi (1.5 equiv., 2.5 M or 15 % solution in hexanes) to a THF solution of diisopropylamine (1.5 equiv.) at 0 • C and subsequent stirring for 20 min. To this solution was added a THF solution of 3 (1.0 equiv.) at −78 • C. After stirring for 1 h at −78 • C, Me 3 SiCl (1.5 equiv.) was added. The temperature of the solution was allowed to rise to ambient temperature during 2 h, and the solution was stirred for 1 h at 20 • C. The solvent was removed in vacuo, and n-hexane was added to the residue. The precipitated lithium chloride was removed by filtration under inert conditions, and the solvent of the filtrate was removed in vacuo to give 4. The product was stored at −20 • C and used without further purification. Due to the unstable nature of the products, only 1 H NMR spectra were recorded (except for 4d which proved to be relatively stable). The synthesis of 4a and 4c has been previously reported [19] .
1,4-Diethoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene (4b)
Starting with diisopropylamine (105.0 mmol, 14.76 mL), nBuLi (15 % 
1-Ethoxy-4-(tert-butoxy)-1,3-bis(trimethylsilyloxy)buta-1,3-diene (4d)
Starting with diisopropylamine (35.6 mmol, 5.0 mL), nBuLi (15 % in n-hexane, 35.6 mmol, 22.26 mL) in 100 mL of THF, 3d (23.7 mmol, 6.51 g) and Me 3 SiCl (35.6 mmol, 4.50 mL), 4d was isolated as a yellow oil (7.52 g, 92 %). 
Procedure for the synthesis of butenolides 5a-d
To a CH 2 Cl 2 solution of Me 3 SiOTf (0.5 equiv.) was added a CH 2 Cl 2 solution of 4 (1.0 equiv.) at −78 • C. Subsequently, oxalyl chloride (1.2 equiv.) was added at −78 • C. The temperature of the solution was allowed to rise to 20 • C over 12 h. A 4 : 1 mixture of a saturated solution of brine and of hydrochloric acid (10 %) was added. The organic layer was separated, and the aqueous layer was repeatedly extracted with CH 2 Cl 2 . The combined organic layers were dried ( Na 2 SO 4 ) and filtered. The solvent of the filtrate was removed in vacuo, and the residue was purified by column chromatography (silica gel, n-hexane-EtOAc). The synthesis of 5a and 5c has been previously reported [19] . 
(2Z)-Ethyl 2-(3-ethoxy-4-hydroxy-5-oxofuran-2(5H)-ylidene)acetate (5b)
Starting
(2Z)-Ethyl 2-(3-tert-butoxy-4-hydroxy-5-oxofuran-2(5H)-ylidene)acetate (5d)
Starting with 4d (10.0 mmol, 3.46 g) in 200 mL of CH 2 Cl 2 , oxalyl chloride (12.0 mmol, 1.52 g) and Me 3 SiOTf (5.0 mmol, 1.11 g), 5d was isolated by column chromatography (n-hexane-EtOAc = 5 : 1) as a yellow solid (1.20 g, 47 %). 
(2Z)-Ethyl 2-(3-tert-butoxy-4-benzyloxy-5-oxofuran-2(5H)-ylidene)acetate (9)
To a solution of 5d (0.357 g, 1.4 mmol) in 6 mL of THF was added DEAD (0.293 g, 1.7 mmol, dissolved in 2 mL of THF), benzylic alcohol (0.184 g, 1.7 mmol) and PPh 3 (0.446 g, 1.7 mmol, dissolved in 2 mL of THF). The mixture was stirred at 20 • C for 12 h. The solvent (THF) was evaporated in vacuo. The residue was purified by column chromatography (silicagel; n-hexane-EtOAc = 25 : 1) to give 9 as a colorless oil (0.205 mg, 45 %). 
(2Z)-Ethyl 2-(4-(benzyloxy)-3-hydroxy-5-oxofuran-2(5H)-ylidene)acetate (10)
To a CH 2 Cl 2 solution (1.5 mL) of 9 (0.100 g, 0.343 mmol) was added trifluoroacetic acid (0.395 g, 3.43 mmol). The reaction mixture was stirred for 36 h at 20 • C. The solvent was removed in vacuo, and the residue was purified by column chromatography (silica gel; n-hexane-EtOAc = 20 : 1) to give 10 as a colorless oil (0.062 g, 62 %). (7), 66 (7), 29 (6) .
